Aims/hypothesis. We investigated the potential role of mosapride, a 5HT-4 receptor agonist, in glycaemic control in Type II (non-insulin-dependent) diabetic mellitus patients without autonomic neuropathy. Methods. Thirty-four inpatients with Type II diabetes mellitus were randomly assigned to receive either mosapride (5 mg orally three times a day, n=17) or a placebo (n=17) for 1 week (first study). Changes in blood glucose and insulin were determined basally as well as after intravenous glucose loading. Insulin sensitivity was evaluated during hyperinsulinaemic-normoglycaemic-clamp studies and by measuring the number of and the autophosphorylation of insulin receptors on the erythrocytes of patients (n=9). Sixtynine outpatients with Type II diabetes were similarly treated with mosapride or a placebo for 8 weeks (second study). Finally, tissue-specific expression of 5HT-4 receptors was examined by reverse transcriptase-polymerase chain reaction (RT-PCR (8.61±0.20 vs 7.67±0.19%, p<0.01) concentrations (second study). The RT-PCR analysis demonstrated specific expression of 5HT-4 receptors in the muscle, but not in the liver or fat tissues. Conclusions/interpretation. Mosapride could improve insulin action at muscle and glycaemic control in Type II diabetic patients. [Diabetologia (2002) 45:792-797] 
Mosapride is a benzamide derivative which is structurally related to cisapride, which facilitates or restores motility in the gastrointestinal tract [1, 2] . Mosapride is now widely used in Japan as a prokinetic agent after extensive preclinical and clinical evaluation [3, 4, 5] . It enhanced gastric emptying of the 99m Tc-DTPA liquid meal in healthy volunteers and alleviated gastrointestinal discomfort in patients with non-ulcer dyspepsia, diabetic gastroparesis, or reflex esophagitis. Agonistic action at serotonin 5HT-4 receptors and facilitation of cholinergic excitatory neurotransmission have been suggested as the mecha-nisms by which mosapride enhances motility [6] . Mosapride is able to bind to 5HT-4 receptors of the human stomach [7] . Furthermore, mosapride has no dopamine D 2 receptor antagonist activity in contrast to other gastroprokinetic agents such as cisapride and metoclopramide [2] .
We have recently found that erythromycin and its derivatives, nonpeptide agonists of motilin receptors, stimulate insulin secretion from the endocrine pancreas and that 5HT-3 receptors are involved in this process [8, 9, 10] . In addition to its well known gastroprokinetic effect [11] , orally administered erythromycin significantly stimulated insulin secretion and improved glycaemic control in patients with Type II diabetes mellitus [12] . Because cisapride, which acts as an agonist of both 5HT-3 and 5HT-4 receptors [6, 13] , might also have stimulatory effects on the endocrine pancreas in humans ( [14] and our unpublished data), in this study we examined mosapride, a specific 5HT-4 receptor agonist, to see if it has beneficial effects on glycaemic control in patients with Type II diabetes mellitus.
Subjects and methods
First study. We studied 34 patients with Type II diabetes mellitus who were randomly assigned to receive either mosapride (5 mg of mosapride citrate orally three times a day, n=17) or a placebo (n=17) for 1 week (Table 1 ) . They were hospitalised at least 2 weeks before the study to rule out potential confounding influences and received weight-maintaining diets containing at least 200 g carbohydrate/day. To exclude the overlapping gastroprokinetic effects, the intravenous glucose loading test (0.2 g/kg body weight) was done to evaluate insulin secretion before the treatment and on the last day of the treatment. Insulin sensitivity was measured during hyperinsulinaemic-normoglycaemic-clamp studies performed after short-term normalization of the blood glucose concentration(n=9) [15] . Insulin (1.56 mU/kilogram·minute) was infused for 4 h before and on the last day of the treatment with mosapride or the placebo. Blood glucose concentration was kept at 5.32 nmol/l. Glucose utilisation was calculated during the last 30 min of the insulin infusion. The enzyme-linked immunosorbent assay was also used to evaluate insulin sensitivity by measuring the number of and the tyrosine autophosphorylation of insulin receptors on the erythrocytes of patients before and on the last day of the treatment (n=9) [16] .
Second study. Another 69 patients with Type II diabetes were treated similarly with mosapride (5 mg orally three times a day, n=34) or a placebo (n=35) for 8 weeks at the outpatient clinic ( Table 2 ). Because we observed no apparent side effects at 8 weeks, we continued to treat the patients who agreed to enter the long term study (n=36) for 24 weeks.
All patients in the first and the second studies were being treated without insulin. The hypoglycaemic agents used were mostly sulphonylureas (glibenclamide or gliclazide, n=31 and n=60 in the first and second studies, respectively) and in a few patients voglibose (n=3 and 5 in the first and second studies, respectively). These drugs were given at the same doses during all of the studies. No patient received biguanides or thiazolidinediones. They were instructed to follow their weight-maintaining diets at least 2 weeks before the study and during the study. None of the patients had impaired renal function, autonomic neuropathy, or proliferative retinopathy. All patients gave informed consent to participate in the study, which had been approved by Komatsu Hospital's ethics committee.
Measurement. Blood samples from the fasting subjects were taken from an indwelling venous catheter before, during, and after the treatment for measurement of blood glucose, fructos- Fig. 1 . Effect of mosapride treatment (Gasmotin 15 mg/day/1 week, n=17) or a placebo (n=17) on blood glucose and insulin responses to intravenous glucose loading (0.2 g/kg body weight) in Type II diabetic patients. Glucose tolerance test was performed before the treatment (q q-q q) and on the last day of the treatment (q-q). *p<0.05, **p<0.01, ***p<0.005 between the two tests Tokyo, Japan), respectively. Pancreatic glucagon was measured using a previously described assay [17] . Reverse transcriptase-polymerase chain reaction (RT-PCR) was performed to examine the expression of 5HT-4 receptors by using poly A RNAs from the human brain, intestine, muscle, pancreas, liver and fat tissues. All of the poly A RNAs were purchased from Clontech (Tokyo, Japan) except that of the fat tissue which we prepared ourselves. All of the 5HT-4 receptor splice variants [18] were amplified using the specific primer (5′-ATGGACAAACTTGATGCTAATGTG-3′) designed to the 5′end and common to all isoforms, and 3′-end primer (5′-TAGTACATGTGTGTGGATCCATTAATGG-3′). Results are expressed as means ± SE. Testing for significant differences was carried out with analysis of variance (StatView) followed by t-tests. A p-value of less than 0.05 were considered statistically significant.
Results
There were no background differences between the treatment and the placebo groups of Type II diabetic patients (first and second studies), including factors such as age, gender, BMI, oral hypoglycaemic treatment, fasting blood glucose, and HbA 1c concentrations (Tables 1 and 2 ). One week of treatment with oral mosapride reduced fasting blood glucose (7.90±0.50 vs 6.94±0.45 mmol/l, p<0.01) and fructosamine (337±11 vs 317±13 µmol/l, p<0.01) concentrations in diabetic patients (first study, Table 1 ). Mosapride reduced glucose responses to intravenous glucose loading (p<0.05-p<0.01 at all time points, Fig. 1 ). However, it had no stimulatory effect on insulin secretion and conversely tended to reduce fasting insulin concentrations. Concentrations of urinary Cpeptide, which were calculated as the average over 2 days, decreased significantly after the treatment (Table 1, p<0.05). Improvement in insulin sensitivity was demonstrated by the increased number of (Mosapride 3323±518 vs 4481±786 [p<0.05], Control 4227±761 vs 3275±554 per 300 µl erythrocytes) and the tyrosine autophosphorylation (Mosapride 3178±444 vs 4043±651 [p<0.05], Control 3721±729 vs 3013±511 insulin receptor unit) of insulin receptors on the erythrocytes of patients after Mosapride, but not placebo, treatment (Fig. 2) . Mosapride treatment also significantly increased glucose utilisation (Mosapride 4.92±0.53 vs 5.88±0.72 [p<0.05], Control 4.74±0.65 vs 4.70±0.31 mg/kg·min) in hyperinsulinaemic-nomoglycaemic clamping. The concentration of plasma insulin was kept at about 600 pmol/l to suppress hepatic glucose production during the clamp studies [15] .
Glycaemic control was improved in the outpatients after long-term treatment with mosapride (second study, Table 2 and Fig. 2 8 weeks) , the effects of which were maintained for up to 6 months after the treatment (Fig. 3) . Mosapride reduced plasma NEFA and triglyceride concentrations, but had no effect on pancreatic glucagon (Table 2) .
Tissue specific expression of 5HT-4 receptors was examined by RT-PCR analysis. As shown in Figure 4 , expression of 5HT-4 receptors was detected in the Fig. 2 . Effect of mosapride treatment (Gasmotin® 15 mg/day/ 1week, q-q, n = 9), or a placebo (q q-q q, n = 9) on the number of and the autophosphorylation of insulin receptors on the erythrocytes (A) or the glucose infusion rate during hyperinsulinaemic-normoglycaemic-clamp studies (B) in Type II diabetic patients. Insulin sensitivity was assessed before and on the last day of the treatment. *p < 0.05 between the two tests in mosapride group Fig. 3 . Effect of long-term mosapride treatment (Gasmotin ® 15 mg/day/6 months, q-q, n = 18), and a placebo (q q-q q, n = 18) on values of glycosylated HbA lc in Type II diabetic patients. *p < 0.05, **p< 0.01 between the two groups well as increased number of and the autophosphorylation of insulin receptors on the erythrocytes of patients after Mosapride treatment. Because erythromycin, domperidone, and metoclopramide all do not show such noticeable effects ( [12] and unpublished data), it is highly likely that Mosapride directly improves insulin sensitivity, apart from its gastroprokinetic effect.
Chronic hyperglycaemia in patients with Type II diabetes occurs because of resistance to the action of insulin and decreases in insulin secretion [19] . Insulin resistance is a prominent feature in these patients and is detectable before glucose tolerance deteriorates [19] . Therefore, it is clear that pharmacological agents that improve insulin action could be of benefit in the treatment of Type II diabetes. Recently metformin and thiazolidinediones have become available [19, 20, 21] . Although their exact mechanisms of action are still not well understood, metformin primarily lowers endogenous glucose production, presumably at the level of the liver, whereas thiazolidinediones such as troglitazone increase insulin-mediated peripheral glucose disposal, which occurs predominantly in skeletal muscle [21] .
The involvement of 5HT receptors in the regulation of gastrointestinal motility is well known [22, 23, 24] . However, there are few studies in the potential role of 5HT receptors in the secretion and/or action of insulin and other pancreatic hormones in humans [24] . Previous clinical studies showed that methysergide, which acts as a partial 5HT-1 receptor agonist and as a 5HT-2C receptor antagonist, potentiates insulin release in diabetic patients [24] , and that sumatriptan, which acts as an agonist at 5HT-1P receptors on enteric neurons, inhibits insulin release in normal humans [25] . It was suggested that sumatriptan resets peripheral insulin sensitivity at muscle, liver, or adipose tissue, because it did not affect glucose homeostasis despite inhibition of insulin secretion [25] . Mosapride is a specific 5HT-4 receptor agonist because it has no affinity for at least 50 other receptors, including 5HT-1, 5HT-1A, 5HT-1B, 5HT-1D, 5HT-2, 5HT-3, 5HT-6, 5HT-7, and serotonin transporter, and because its effect on gastric motility is completely blocked by pretreatment with GR113808, a selective 5HT-4 receptor antagonist ( [6, 26] and unpublished data). This study on localisation of 5HT-4 receptor mRNAs specifically in the muscle, together with the increased glucose utilisation at the clamp condition in which hepatic glucose production is thought to be suppressed [15] , could suggest skeletal muscle as the site on mosapride actions. However, the exact details of how this compound improves insulin sensitivity needs to be determined.
We conclude that Mosapride is effective in decreasing plasma glucose concentrations without stimulating insulin secretion in Type II diabetic patients, with similar efficacy to troglitazone and metformin [21] . 5-HT4 receptor agonists may represent a novel class There were no significant changes in body weight during mosapride therapy. There were also no side effects of mosapride administration, nor changes in the results of laboratory tests.
Discussion
In the present group of patients with Type II diabetes who were mostly receiving sulphonylureas, Mosapride treatment led to a reduction in hyperglycaemia with a simultaneous reduction in circulating insulin concentrations. The glucose-lowering effect of Mosapride was already apparent after 1 week of treatment and continued for 24 weeks. The simultaneous fall in blood glucose and insulin concentrations, as well as stronger decrease in blood glucose response to insulin after Mosapride treatment (not shown), suggested an overall improvement in insulin action. This was clearly shown in the increased glucose utilisation in the hyperinsulinaemic-normoglycaemic-clamp studies, as of insulin-sensitizing agents with no major side effects such as liver dysfunction as with troglitazone [27] and lactic acidosis as with metformin, and could be especially useful for patients with delayed gastric emptying [10, 11, 12] .
